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Abstract
In this paper, we extend the analysis of a Pati-Salam subcritical hybrid F -
term inflation model, proposed by two of us [1], by studying the reheating and
the baryogenesis (via leptogenesis) of the model. This SUSY GUT model is
able to fit low energy electroweak precision data, LHC data, b-physics data, in
addition to inflation observables such as the tensor-to-scalar ratio and the scalar
spectral index. The reheating mechanism of this model is instant preheating
due to the bosonic and fermionic broad parametric resonance, while the baryon-
to-entropy ratio is obtained from the CP asymmetric right-handed (s)neutrinos
decay. The phases in the neutrino Yukawa matrices are fixed by fitting to the low
energy observables. With these phases, the heaviest right-handed (s)neutrinos
decay to produce a lepton asymmetry with the correct sign, while the two lighter
right-handed (s)neutrinos decay to produce the wrong sign. Consequently, the
baryogenesis analysis is necessarily performed by including all three families of
the right-handed (s)neutrinos.
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1 Introduction
One path to Grand Unified Theories (GUTs) without large GUT representations is via 5D
or 6D orbifold GUTs. One possible 4D gauge symmetry resulting from orbifolding a higher
dimensional GUT is Pati-Salam (PS) gauge symmetry, SU(4)C×SU(2)L×SU(2)R [2, 3]. Due
to the higher dimensional GUT completion, the gauge couplings of the theory are unified.
Recently, two of us have introduced a ZR4 discrete symmetry to the PS gauge symmetry to
obtain a model of inflation, with so-called subcritical F -term hybrid inflation, which fits the
tensor-to-scalar ratio, the scalar spectral index, and the scalar power spectrum [1]1. Coupled
with previous results, which showed that the matter sector of the model can fit the low-energy
observables [6–12], this model is a complete theory. Under PS symmetry×ZR4 , matter in one
family is unified into two irreducible representations: Q = (4, 2, 1, 1) and Qc = (4¯, 1, 2¯, 1),
while the Higgs doublets are unified into a single irreducible representation: H = (1, 2, 2¯, 0).
On the other hand, the inflaton sector contains an inflaton field and two waterfall fields:
Φ = (1, 1, 1, 2), Sc = (4¯, 1, 2¯, 0), and S¯c = (4, 1, 2, 0), respectively. In this paper, we provide
a detailed discussion of the reheating process and the baryogenesis of the model.
Unlike most leptogenesis analyses in the literature [13–15], we do not have the privilege to
integrate out the two heavier right-handed (s)neutrinos in our analysis. By fitting to the low
energy observables, the heaviest right-handed (s)neutrinos decay to produce the correct sign
for the lepton asymmetry while the two lighter ones decay to produce the the wrong sign.
Another interesting feature of this model is that reheating occurs via the process of instant
preheating [16–18]. As a consequence of a broad parametric resonance, particle creation
occurs in a discrete manner. A lepton asymmetry is induced when the inflaton creates
Higgses non-perturbatively and the Higgses subsequently decay to right-handed (s)neutrinos.
A free parameter, α, controls the inflaton-Higgs coupling and thus the amount of the final
asymmetry. Hence, this model is not constrained by the measured baryon-to-entropy ratio.
Instead, it is constrained by low-energy data and inflation observables.
It is important to point out that we are assuming that supersymmetry is broken by
gravity mediation, hence gravitinos in our model have mass m3/2 & 40 TeV [19–23]. Heavy
gravitinos are required to ensure that the gravitino in our model decays before big bang
nucleosynthesis; thus causing no cosmological problem. In addition, we also assume that
the cosmological moduli problem is ameliorated by having all moduli with mass at the GUT
scale [24–27].
In Sec. 2, we briefly review the model of Ref. [1]. The mechanism of instant preheating
is explained in Sec. 3, which is based on the detailed discussion of bosonic and fermionic
1It has been shown that the ZR4 symmetry forbids the SUSY µ term and dimension 4 and 5 proton decay
operators to all orders in perturbation theory [4, 5]. Moreover, non-perturbative effects can then generate
the µ term and suppress dimension 5 proton decay, while preserving R-parity.
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broad parametric resonances found in [16–18]. Also included in Sec. 3 are parts of the model
relevant to reheating and baryogenesis such as the decay of the inflaton and the waterfall
field, and the generation of the lepton asymmetry. In Sec. 4, the evolution equations for
evolving the system from the end of inflation to the decay of the right-handed (s)neutrinos
are presented. The parameters of the model and the simulation procedure are outlined in
Sec. 5, while the results and discussions are contained in Sec. 6. The analysis of this paper
is very similar to the analysis in Ahn and Kolb [28].
2 Brief Review of PS model
In this section, we briefly review the results of Ref. [1]. The superpotential and Ka¨hler
potential for the inflaton sector of the model with a Pati-Salam SU(4)C ×SU(2)L×SU(2)R
gauge symmetry times ZR4 discrete R symmetry are given by
WI = Φ
(
κS¯cSc +mφY +
1√
2
αHH
)
+ λX
(
S¯cSc − v
2
PS
2
)
+ ScΣSc + S¯cΣS¯c (1)
K = 1
2
(Φ + Φ†)2 + (Sc)†Sc + (S¯c)†S¯c + Y †Y +X†X
1− cXX†X
M2pl
+ aX
(
X†X
M2pl
)2 , (2)
with the quantum numbers of the inflaton and waterfall superfields: {Φ = (1, 1, 1, 2), Sc =
(4¯, 1, 2¯, 0), S¯c = (4, 1, 2, 0)}. As a consequence, the Pati-Salam gauge symmetry is broken
to the Standard Model (SM) at the waterfall transition and remains this way both during
inflation and afterwards. The superfield, Σ = (6, 1, 1, 2), is needed to guarantee that the
effective low energy theory below the PS breaking scale is just the minimal supersymmetric
standard model (MSSM). The singlet X = (1, 1, 1, 2) is introduced in order to obtain F -term
hybrid inflation in which the coupling of the inflaton to the waterfall field is independent of
the self-coupling of the waterfall field. The term with the singlet Y = (1, 1, 1, 0) is added
in order to obtain a supersymmetric vacuum after inflation. The parameter mφ ∼ 10−6Mpl
(where Mpl = 2.4× 1018 GeV is the reduced Planck scale) is smaller than in typical chaotic
inflation models and the F -term of Y acts to lift the flatness of the potential above the critical
point. The term with the Higgs field, H = (1, 2, 2¯, 0), is added to enable reheating, which
will be discussed later. The Ka¨hler potential has a shift symmetry, Im(Φ) → Im(Φ) + Θ,
where Θ is a real constant. The parameter κ  λ such that the critical value (where the
sign of the waterfall field mass squared becomes negative) φc =
λvPS
κ
 Mpl. This is the
parameter regime where subcritical hybrid inflation occurs [29, 30]. Since PS is spontaneously
broken during inflation there is no monopole problem. Performing a χ2 fit to cosmological
data, a best fit point was found with κ ' 4.5 × 10−4, λ ' 0.8, mφ = 10−6Mpl and vPS '
1.25×10−2Mpl ' 3×1016GeV. With these parameter values, 60 e-foldings of inflation started
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at φ∗ = 14.5 Mpl and the cosmological observables are computed to be
r = 0.084 , ns = 0.963 , As = 2.21× 10−9 . (3)
The matter sector of the theory is given by the superpotential W =WI +WPS with
WPS =Wneutrino + λQ3HQc3 +QaHF ca + FaHQca
+ F¯ ca
(
MF ca + φaOB−LQc3 +OB−L
θaθb
Mˆ
Qcb +B2Q
c
a
)
+ F¯a
(
MFa + φaOB−LQ3 +OB−L θaθb
Mˆ
Qb +B2Qa
)
,
(4)
where {Q3, Qa, Fa} = (4, 2, 1, 1), {Qc3, Qca, F ca} = (4¯, 1, 2¯, 1) with a = 1, 2, a D4 family in-
dex, H = (1, 2, 2¯, 0) and the fields F¯a, F¯ ca are Pati-Salam conjugate fields. The superpotential
for the neutrino sector is given by
Wneutrino = S¯c(λ2NaQca + λ3N3Qc3)−
1
2
(
λ′2Y
′NaNa +
θ˜aθ˜b
Mˆ
NaNb + λ
′
3Y
′N3N3
)
=
3∑
i=1
λ2i
2Mi
(S¯cQci)
2 ,
(5)
where
M1 = λ
′
2Y
′ M2 = λ′2Y
′ +
θ˜22
Mˆ
M3 = λ
′
3Y
′ , (6)
and θ˜1 is taken to be zero.
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After expanding the waterfall field by its vacuum expectation value (vev), the last line
of eq. (5) yields (with S¯c → V c/√2)
λ2i
2Mi
(
σ + iτ +
√
2vPS
2
)2
ν¯iν¯i =
1
2
MRi ν¯iν¯i +
hi
2
(σ + iτ) ν¯iν¯i , (7)
plus terms quadratic in σ and τ with
MRi ≡
λ2i v
2
PS
2Mi
and hi ≡ λ
2
i vPS√
2Mi
, (8)
where λ1 = λ2.
Here Y ′ is identified as one of the flavon fields. The “right-handed” neutrino fields,
Na, N3 are PS singlets with charge (1, 1, 1, 1). The vev of Y
′ gives a heavy mass term for
Na, N3 which are in turn integrated out to yield effective couplings between the waterfall
2The fields Y and Y ′ can be distinguished by an additional Z4 symmetry where Y is invariant, but
Y ′, Na, N3, θ˜a, Sc, S¯c, Σ have Z4 charges 2, 1, 1, 1, 1, 3, 2, respectively.
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field and the left-handed anti-neutrinos in Qca and Q
c
3. Similar to the waterfall field, the
scalar components of Y also obtain a coupling to the left-handed anti-neutrinos
hi
2
(
m
κvPS
)
(h+ iu) ν¯iν¯i . (9)
The fields Fa, F¯a, F
c
a , F¯
c
a are Froggatt-Nielson fields which are integrated out to obtain
the effective Yukawa matrices. The effective operators OB−L and O are defined by
Mˆ2(OB−L)αiβj ≡−
4
3
δijS¯c
γk
(
δαγδ
λ
β − 1
4
δαβδ
λ
γ
)
Scλk
=(B − L)αβδij
v2PS
2
,
(10)
and
Mˆ2Oαiβj ≡ S¯cγk
[
δαβδ
i
jδ
λ
γδ
l
k + α˜δ
λ
γ
(
δikδ
l
j − 1
2
δijδ
l
k
)
−4
3
β˜δlkδ
i
j
(
δαγδ
λ
β − 1
4
δαβδ
λ
γ
)]
Scλl
=
[
Iαiβj + α˜(T3R)ijδ
α
β + β˜(B − L)αβδij
] v2PS
2
≡
[
Iαiβj + α(X)iαjβ + β(Y )
iα
jβ
] v2PS
2
,
(11)
where X = 3(B − L) − 4T3R commutes with SU(5) and Y = 2T3R + (B − L) is the SM
hypercharge. The Froggatt-Nielson fields Fa, F¯a, F
c
a , F¯
c
a have a mass term M given by
M0 Oαiβj. The flavon fields φa, θa, θ˜a are doublets under D4 while B2 is a non-trivial D4
singlet such that the product B2 ∗ (x1y2 − x2y1) is D4 invariant with xa, ya as D4 doublets.
The D4 invariant product between two doublets is given by xaya ≡ x1y1 + x2y2. All flavon
fields have zero charge under ZR4 . The flavon fields φ1,2, θ2, θ˜2, B2 are assumed to get
non-zero vevs while all other flavon fields have zero vevs.
Note, with the given particle spectrum and ZR4 charges, we have the following anomaly
coefficients,
ASU(4)C−SU(4)C−ZR4 = ASU(2)L−SU(2)L−ZR4 = ASU(2)R−SU(2)R−ZR4 = 1(mod(2)). (12)
Thus the ZR4 anomaly can, in principle, be canceled via the Green-Schwarz mechanism, as
discussed in Ref. [4, 5]. Dynamical breaking of the ZR4 symmetry would then preserve an
exact R-parity and generate a µ term, with µ ∼ m3/2 and dimension 5 proton decay operators
suppressed by m23/2/Mpl.
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2.1 Yukawa matrices
Upon integrating out the heavy Froggatt-Nielsen fields, we obtain the effective superpotential
for the low energy theory,
WLE = Y uij qi Hu u¯j + Y dij qi Hd d¯j + Y eij `i Hd e¯j + Y νij `i Hu ν¯j +
1
2
MRi ν¯i ν¯i , (13)
where i, j = 1, 2, 3 and
MR1,2 =
λ22 v
2
PS
2 M1,2
, MR3 =
λ23 v
2
PS
2 M3
. (14)
The Yukawa matrices for up-quarks, down-quarks, charged leptons and neutrinos are given
by (defined in Weyl notation with doublets on the left)3
Y u =
 0 ′ ρ − ξ−′ ρ ˜ ρ −
 ξ  1
 λ
Y d =
 0 ′ − ξ σ−′ ˜ − σ
 ξ  1
 λ
Y e =
 0 −′ 3  ξ′ 3 ˜ 3 
−3  ξ σ −3  σ 1
 λ ,
(15)
with
ξ = φ1/φ2 , ˜ ∝ (θ2/Mˆ)2 ,
 ∝ −φ2/Mˆ , ′ ∼ (B2/M0),
σ =
1 + α
1− 3α , ρ ∼ β  α ,
(16)
and
Y ν =
 0 −′ ω
3
2
 ξ ω
′ ω 3 ˜ ω 3
2
 ω
−3  ξ σ −3  σ 1
 λ , (17)
with ω = 2σ/(2σ − 1) and a Dirac neutrino mass matrix given by
mν ≡ Y ν v√
2
sin β . (18)
3 These Yukawa matrices are identical to those obtained previously (see Ref. [31]) and analyzed most
recently in Ref. [8, 12].
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From eq. (15) and (17), one can see that the flavor hierarchies in the Yukawa couplings are
encoded in terms of the four complex parameters ρ, σ, ˜, ξ and three real parameters , ′, λ.
These matrices contain 7 real parameters and 4 arbitrary phases. While the superpotential
WPS has many arbitrary parameters, the resulting effective Yukawa matrices have much
fewer parameters, therefore obtaining a very predictive theory. Also, the quark mass matrices
accommodate the Georgi-Jarlskog mechanism, such that mµ/me ≈ 9 ms/md. This is a result
of the operator OB−L which is assumed to have a vev in the B − L direction.
3 Instant Preheating in Broad Strokes
After inflation the universe must reheat. This reheating occurs via the process of instant
preheating. At the same time, an asymmetry in the number of leptons minus anti-leptons
can also be obtained. Let us now describe this process.
In this model, the inflaton superfield, Φ, couples to the Higgses superfield, H, via the
following operator:
W = 1√
2
αΦHH . (19)
Including the Yukawa term, the superpotential is
W =
√
2αΦHuHd + λu;iju¯iHuqj + λν;ij ν¯iHu`j + λd;ij d¯iHdqj + λe;ij e¯iHd`j +
1
2
MRi ν¯iν¯i . (20)
The Yukawa matrices, λu,d,e,ν , from this section onwards are defined in Weyl notation with
doublets on the right, that is
λu,d,e,ν = (Y
u,d,e,ν)T . (21)
We switched notation to doublets on the right because the renormalization group equations,
in our program maton, are written with doublets on the right.
Without loss of generality, we can work in a basis where λu, λd, and λe are diagonal. Since
we have chosen to work in the right-handed neutrino mass basis, we cannot simultaneously
diagonalize λν . Hence, the superpotential can be written as
W =
√
2αΦHuHd + λu;iiu¯iHuqi + λν;ij ν¯iHu`j + λd;iid¯iHdqi + λe;iie¯iHd`i +
1
2
MRi ν¯iν¯i . (22)
From the superpotential, the F -term of Hu is
|FHu|2 = |
√
2αϕhd + λu;ii ˜¯uiq˜i + λν;ij ˜¯νi ˜`j|2
= 2α2|ϕ|2|hd|2 + (
√
2αϕhdλ
†
u;ii
˜¯u†i q˜
†
i +
√
2αϕhdλ
†
ν;ij
˜¯ν†i ˜`
†
j + h.c.) + . . . , (23)
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where the ellipsis includes quartic sfermion terms. The scalar component of the inflaton
superfield is
ϕ =
a+ iφ√
2
, (24)
where φ is the inflaton. At the end of inflation, a is stabilized at the origin and φ oscillates
around φ = 0 [1], we have
|FHu|2 = α2φ2|hd|2 + (iλ†u;iiαφhd ˜¯u†i q˜†i + iλ†ν;ijαφhd ˜¯ν†i ˜`†j + h.c.) + . . . . (25)
Similarly, the F -term of Hd is
|FHd|2 = α2φ2|hu|2 + (iλ†d;iiαφhu ˜¯d†i q˜†i + iλ†e;iiαφhu ˜¯e†i ˜`†i + h.c.) + . . . . (26)
Another F -term that contributes to the production and the decay of the right-handed sneu-
trinos is
|Fν¯i |2 =
∣∣∣∣∣
3∑
j=1
λν;ijhu ˜`j +MRi ˜¯νi
∣∣∣∣∣
2
=
(
3∑
j=1
λ†ν;ijMRih
†
u
˜`†
j
˜¯νi + h.c.
)
+ . . . . (27)
where the ellipsis include quadratic and quartic scalar terms. Hence, the Lagrangian includes
L ⊃ −
(
|FHu |2 + |FHd |2 +
3∑
i=1
|Fν¯i|2
)
−
(√
2αφ˜h˜uhd +
√
2αφ˜h˜dhu + αh˜uh˜dφ+ h.c.
)
−
(
λu;iiu¯ihuqi + λν;ij ν¯ihu`j + λd;iid¯ihdqi + λd;iie¯ihd`i
+ λu;iiu¯ih˜uq˜i + λν;ij ν¯ih˜u ˜`j + λd;iid¯ih˜dq˜i + λd;iie¯ih˜d ˜`i
+ λu;ii ˜¯uih˜uqi + λν;ij ˜¯νih˜u`j + λd;ii
˜¯dih˜uqi + λd;ii ˜¯eih˜u`i + h.c.
)
.
(28)
From the Lagrangian, we see that the Higgs masses are universal and time dependent:
mh ≡ mhu = mhd = mh˜u = mh˜d = α〈φ〉 . (29)
Since the inflaton oscillation amplitude is of order the Planck scale, the Higgses can be
heavier or lighter than the right-handed (s)neutrinos depending on the value of the inflaton
vev. Hence, the Higgses can decay to the right-handed (s)neutrinos and vice versa.
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3.1 Non-perturbative Decay of the Inflaton
In this subsection, we provide a brief overview of instant preheating. For detailed discussion
please refer to Ref. [16–18].
For a Lagrangian with the following term
L ⊃ 1
2
α2φ2χ2 , (30)
where χ is a real scalar field, Kofman et. al. [16] showed that when φ oscillates around φ = 0,
φ creates χ states very efficiently at every zero-crossing. The number density of χ created
for a specific momentum k is given by
nk = exp
(−pik2
α|φ˙0|
)
, (31)
where φ˙0 is the speed of φ at zero-crossing. Hence, the number density of χ created at
zero-crossing is
nχ,0 =
∫
d3k
(2pi)3
nk =
(α|φ˙0|)3/2
8pi3
, (32)
with a typical momentum of
kχ =
1
nχ,0
∫
d3k
(2pi)3
knk =
2(α|φ˙0|)1/2
pi
. (33)
In our model, the coupling between the two scalar Higgs doublets to the inflaton is of
this form, therefore scalar Higgses are created efficiently at each zero-crossing with number
density
nhu,0 = nhd,0 = 4nχ,0 . (34)
The factor of 4 is because each Higgs doublet is complex and has four real degrees of freedom.
Similarly, for a Lagrangian that includes the following term,
L ⊃ α φ ψ¯ ψ , (35)
where ψ is a fermion field, φ creates ψ states very efficiently at every zero-crossing. The
number density of ψ created is the same as in the bosonic case [18]. Hence, in our model,
Higgsinos are also created efficiently at every zero-crossing with number density
nh˜u,0 = nh˜d,0 = 2nχ(0) . (36)
The factor of 2 is because the Higgsinos are doublets.
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By conservation of energy, the inflaton speed is decreased by the following amount at
every zero-crossing:
∆φ˙20 = 2∆ρφ(0) = −2kχ[nhu(0) + nhd(0) + nh˜u(0) + nh˜d(0)] = −
6α2|φ˙0|2
pi4
. (37)
It is important to note that eq. (31) is valid only if there are no background Higgses with
momenta equal to the typical momentum in eq. (33). Bose-Einstein effects from background
Higgses with momentum equal to the typical momentum will further enhance the production
rate [16]. Since the thermalization rate of the Higgses, Γ ∼ nσweak ∼ 1020 Mpl, is much bigger
than the inflaton oscillation frequency ∼ 10−6 Mpl, the background Higgses, if they exist, are
thermal. Hence, out of the whole momentum spectrum, only Higgses with momenta close
to the thermal temperature experience parametric enhancement. To a good approximation,
this parametric enhancement is ignored in this paper.
In addition, the non-perturbative instant preheating occurs while
q =
α2φ2amp
4m2φ
 1 , (38)
and ends only when q ∼ 1/3 [16], where φamp is the inflaton oscillation amplitude and mφ is
the inflaton mass.
3.2 Perturbative decay of the Inflaton
In addition to the non-perturbative decay of the inflaton described in the preceding subsec-
tion, the inflaton can also decay perturbatively to the Higgses. Although this effect is only
significant long after broad parametric resonance ends, we include this effect at all times. In
all decay rates presented in this section and the next two, we use the approximation which
neglects the mass of the decay products. We guarantee energy conservation by including a
Heaviside step function in all calculations.
The perturbative decay of the inflaton to the scalar Higgses is due to the F -terms of Hu
and Hd in eq. (25) and (26). The decay rate of this process is given by
Γφ→h ≡ Γφ→hu = Γφ→hd =
1
16pi
(αmh)
2
mφ
Θ(mφ − 2mh) . (39)
On the other hand, perturbative decay of the inflaton to the Higgsinos is due to the Yukawa-
like terms in the Lagrangian in eq. (28). The decay rate of this process is given by
Γφ→h˜ ≡ Γφ→h˜0uh˜0d + Γφ→h˜+u h˜−d = 2
1
8pi
α2mφΘ(mφ − 2mh) . (40)
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3.3 Decay of the Higgses
A very interesting phenomena of our model is that the scalar Higgses are massless when
they are created non-perturbatively from the inflaton. As the inflaton rolls up the potential,
the Higgses obtain a mass proportional to the value of the inflaton vev shown in eq. (29).
Before the Higgses become heavier than the right-handed (s)neutrinos, they can only decay
to radiation. Eventually, the Higgses become massive enough and start decaying to the
right-handed (s)neutrinos. In addition, as we will see, the Higgs decay rates are proportional
to their masses, that is the decay rates increase as the inflaton rolls up the potential.
3.3.1 Up-type Higgses
The possible decay channels of the up-type Higgses are
1. Right-handed neutrinos: hu → ν¯†i `†j with decay rate
Γhu→ν¯†i =
3∑
j=1
Γhu→ν¯†i `†j + Γh†u→ν¯i`j =
3∑
j=1
2
1
8pi
|λν;ij|2mhΘ(mh −MRi)
= 2
1
8pi
(λνλ
†
ν)iimhΘ(mh −MRi) .
(41)
The factor of 2 is due to the charged and the neutral Higgses.
2. Right-handed sneutrinos: hu → ˜¯ν†i ˜`†j with decay rate
Γhu→˜¯ν†i =
3∑
j=1
Γhu→˜¯ν†i ˜`†j + Γh†u→˜¯νi ˜`j =
3∑
j=1
2
1
16pi
|λν;ij|2
M2Ri
mh
Θ(mh −MRi)
= 2
1
16pi
(λνλ
†
ν)ii
M2Ri
mh
Θ(mh −MRi) .
(42)
3. Radiation: hu → ˜¯diq˜i, ˜¯ei ˜`i, u¯†iq†i with decay rate
Γhu→R =
3∑
i=1
2
1
16pi
(Nc|λd;ii|2 + |λe;ii|2)mh + 2 1
8pi
Nc|λu;ii|2mh . (43)
3.3.2 Down-type Higgses
The possible decay channels of the down-type Higgses are
1. Right-handed sneutrinos: hd → ˜¯νi ˜`j with decay rate
Γhd→˜¯νi =
3∑
j=1
Γhd→˜¯νi ˜`j + Γh†d→˜¯ν†i ˜`†j =
3∑
j=1
2
1
16pi
|λν;ij|2mhΘ(mh −MRi)
= 2
1
16pi
(λνλ
†
ν)iimhΘ(mh −MRi) .
(44)
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2. Radiation: hd → ˜¯uiq˜i, d¯†iq†i , e¯†i`†i with decay rate
Γhd→R =
3∑
i=1
2
1
16pi
Nc|λu;ii|2mh + 2 1
8pi
(Nc|λd;ii|2 + |λe;ii|2)mh . (45)
3.3.3 Up-type Higgsinos
The possible decay channels of the up-type Higgsinos are
1. Right-handed neutrinos: h˜u → ν¯†i ˜`†j with decay rate
Γh˜u→ν¯†i = Γh˜u→ν¯†i ˜`†j + Γh˜†u→ν¯i ˜`j =
3∑
j=1
2
1
16pi
|λν;ij|2mhΘ(mh −MRi)
= 2
1
16pi
(λνλ
†
ν)iimhΘ(mh −MRi) .
(46)
2. Right-handed sneutrinos: h˜u → ˜¯ν†i `†j with decay rate
Γh˜u→˜¯ν†i =
3∑
j=1
Γh˜u→˜¯ν†i `†j + Γh˜†u→˜¯νi`j =
3∑
j=1
2
1
16pi
|λν;ij|2mhΘ(mh −MRi)
= 2
1
16pi
(λνλ
†
ν)iimhΘ(mh −MRi) .
(47)
3. Radiation: h˜u → u¯†i q˜†i , ˜¯u†iq†i with decay rate
Γh˜u→R =
3∑
i=1
4
1
16pi
Nc|λu;ii|2mh . (48)
3.3.4 Down-type Higgsinos
The only decay channel of the down-type Higgsinos is to the radiation: h˜d → d¯†i q˜†i , e¯†i ˜`†i , ˜¯d†iq†i , ˜¯e†i`†i
with decay rate
Γh˜d→R =
3∑
i=1
4
1
16pi
(Nc|λd;ii|2 + |λe;ii|2)mh . (49)
This decay rate is multiplied by a factor of 4 because the decay to d¯†i q˜
†
i and
˜¯d†iq
†
i have the
same coupling. Similarly for the other two decay products.
3.4 Decay of the Right-handed Neutrinos and Sneutrinos
Right-handed (s)neutrinos can decay to Higgses(Higgsinos) and (s)leptons when they are
heavier than the Higgses.
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3.4.1 Right-handed Neutrinos
Right-handed neutrinos can decay to
1. Up-type Higgses: ν¯i → `†jh†u with decay rate
Γν¯i→h†u =
3∑
j=1
Γν¯i→`†jh†u + Γν¯†i→`jhu =
3∑
j=1
2
1
16pi
|λν;ij|2MRiΘ(MRi −mh)
= 2
1
16pi
(λνλ
†
ν)iiMRiΘ(MRi −mh) .
(50)
2. Up-type Higgsinos: ν¯i → ˜`†jh˜†u with decay rate
Γν¯i→h˜†u =
3∑
j=1
Γν¯i→˜`†j h˜†u + Γν¯†i→˜`j h˜u =
3∑
j=1
2
1
16pi
|λν;ij|2MRiΘ(MRi −mh)
= 2
1
16pi
(λνλ
†
ν)iiMRiΘ(MRi −mh) .
(51)
3.4.2 Right-handed Sneutrinos
Right-handed sneutrinos can decay to
1. Up-type Higgses: ˜¯νi → h†u ˜`†j with decay rate
Γ˜¯νi→h†u =
3∑
j=1
Γ˜¯νi→h†u ˜`†j + Γ˜¯ν†i→hu ˜`j =
3∑
j=1
2
1
16pi
|λν;ij|2MRiΘ(MRi −mh)
= 2
1
16pi
(λνλ
†
ν)iiMRiΘ(MRi −mh) .
(52)
2. Down-type Higgses: ˜¯νi → ˜`†jhd with decay rate
Γ˜¯νi→hd =
3∑
j=1
Γ˜¯νi→˜`†jhd + Γ˜¯ν†i→˜`jh†d =
3∑
j=1
2
1
16pi
|λν;ij|2 m
2
h
MRi
Θ(MRi −mh)
= 2
1
16pi
(λνλ
†
ν)ii
m2h
MRi
Θ(MRi −mh) .
(53)
3. Up-type Higgsinos: ˜¯νi → `†jh˜†u with decay rate
Γ˜¯νi→h˜†u =
3∑
j=1
Γ˜¯νi→`†j h˜†u + Γ˜¯ν†i→`j h˜u =
3∑
j=1
2
1
16pi
|λν;ij|2MRiΘ(MRi −mh)
= 2
1
16pi
(λνλ
†
ν)iiMRiΘ(MRi −mh) .
(54)
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3.5 Lepton Asymmetry
A net lepton asymmetry can be produced when we consider the decay of the Higgses(Higgsinos)
along with the subsequent decay of the right-handed (s)neutrinos. Let the CP asymmetry
of the Higgses(Higgsinos) decay be
hi ≡
Γh†u→ν¯i` − Γhu→ν¯†i `†
Γh†u→ν¯i` + Γhu→ν¯†i `†
, (55)
and that of the right-handed (s)neutrinos decay be
ν¯i ≡
Γν¯†i→`hu − Γν¯i→`†h†u
Γν¯†i→`hu + Γν¯i→`†h†u
, (56)
where the family indices of the leptons are summed. Then, for example, when an up-type
Higgs decay, we have
hu →

1 + hi
2
ν¯i`→

(1 + hi)(1 + ν¯i)
4
hu``
(1 + hi)(1− ν¯i)
4
h†u`
†`
1− hi
2
ν¯†i `
† →

(1− hi)(1 + ν¯i)
4
hu``
†
(1− hi)(1− ν¯i)
4
h†u`
†`†
, (57)
where the  factors are the branching ratios. We see that only half of the decay channels
have a net lepton asymmetry. Hence, the final lepton asymmetry is
nL ≡ n` − n¯` = 2(1 + hi)(1 + ν¯i)
4
nhu − 2
(1− hi)(1− ν¯i)
4
nhu = hinhu + ν¯inν¯i . (58)
In the last equality, we used nν¯i = nhu , which is true in this process because each up-type
Higgs creates a right-handed neutrino. There is a factor of 2 multiplying the branching ratio
of the lepton asymmetric final states because these states have either two leptons or two
anti-leptons4.
The CP asymmetry of the right-handed neutrinos is given by [13, 14, 32–34]
ν¯i = −
1
8pi
∑
j 6=i
Im{[(λνλ†ν)ji]2}
(λνλ
†
ν)ii
g
(
MRj
MRi
)
, (59)
4In our evaluation of the net lepton asymmetry we follow the analysis of Ahn and Kolb [28]. We note
here that, with regards to their formula equivalent to eq. (58), they do not take into account that the final
states have either two leptons or two anti-leptons, therefore our lepton asymmetry is a factor of 2 bigger
than theirs.
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where
g(x) = −√x
(
2
x− 1 + ln
1 + x
x
)
. (60)
Note, our result agrees with the sign of the results in Refs. [13, 32, 34], but disagree with
the sign in Ref. [14]. In order to compare equations, one needs to use the dictionary relating
the different definitions of Yukawa matrices given in App. A. In addition, we do not use the
limiting form of this equation for x 1 in our calculation because we also consider the case
when x 1.
Eq. (59) is calculated when the jth right-handed (s)neutrinos are present in the loop.
However, when the second lightest right-handed (s)neutrinos decay, the heaviest right-handed
(s)neutrino is already integrated out from the model to give us the Weinberg operator (for
n = 3)
η
(n)
ij =
∑
k={n}
λTν ik
1
M Rk
λνkj . (61)
Hence, instead of using eq. (59), the CP asymmetry parameter should be calculated using
the Weinberg operator [35]
ν¯i ∼
3
8pi
Im[(λ∗νη
(n)λ†ν)ii]
(λνλ
†
ν)ii
MRi . (62)
ν¯i in Ref. [35] has a factor of 16pi instead of 8pi because the asymmetry parameter is calcu-
lated for the SM.
To summarize, the CP asymmetry parameters for the heaviest right-handed (s)neutrinos,
ν¯3, to the lightest right-handed (s)neutrinos, ν¯1, are given by
ν¯3 = h3 = −
1
8pi
∑
j=1,2
Im{[(λνλ†ν)j3]2}
(λνλ
†
ν)33
g
(
MRj
MR3
)
ν¯2 = h2 = −
1
8pi
Im{[(λνλ†ν)12]2}
(λνλ
†
ν)22
g
(
MR1
MR2
)
+
3
8pi
Im[(λ∗νη
(3)λ†ν)22]
(λνλ
†
ν)22
MR2
ν¯1 = h1 =
3
8pi
Im[(λ∗νη
(2,3)λ†ν)11]
(λνλ
†
ν)11
MR1 ,
(63)
where we have made the assumption that the decay products are massless. With this as-
sumption, the CP asymmetries due to the Higgses decay and the right-handed (s)neutrinos
decay are equal [28]. This assumption is made throughout the paper.
An interesting feature of our model is that the phases in the right-handed neutrino
Yukawa matrix, λν = Y
νT , are fixed by fitting to the low energy data. With these phases,
the decay of the heaviest right-handed (s)neutrinos produce more anti-leptons than leptons,
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while the decay of the two lighter right-handed (s)neutrinos produce more leptons than
anti-leptons. Hence, unlike most models in the literature, we cannot integrate out any right-
handed (s)neutrinos. Most of our baryon asymmetry is created from the heaviest right-
handed (s)neutrinos, while the two lighter right-handed (s)neutrinos wash out a portion of
the asymmetry.
3.6 Decay of the Waterfall Fields
In addition to the inflaton, there are waterfall fields, σ, after the inflation ends. The relevant
superpotential is given by eq. (5) with λ1 ≡ λ2. The F -term of Qc is
|FQci |2 =
∣∣∣∣∣∣ λ
2
i
Mi
(
σ + iτ +
√
2vPS
2
)2
˜¯νi
∣∣∣∣∣∣
2
⊃ λ
4
i
M2i
v2PS ˜¯νi ˜¯ν
†
i
(
3
4
σ2 +
1√
2
vPSσ +
1
4
v2PS
)
=
3
2
h2iσ
2 ˜¯νi ˜¯ν
†
i +
√
2h2i vPSσ ˜¯νi ˜¯ν
†
i +M
2
Ri
˜¯νi ˜¯ν
†
i ,
(64)
where hi and MRi are given in eq. (8). The first term in this F -term is similar to the
broad parametric resonance term in eq. (30). Hence, one would expect parametric resonance
to occur in the waterfall field. However, the corresponding broad parametric resonance
parameter is too small for broad parametric resonance to occur
q =
9h4iσamp
4m2σ
 1 . (65)
On the other hand, the second term in the F -term above allows for the decay of waterfall
field to right-handed sneutrinos, while the Yukawa-like terms from the superpotential in
eq. (7) allows for the decay of waterfall fields to right-handed neutrinos. Hence, the waterfall
field perturbative decay rates are
Γσ→ν¯iν¯i =
1
64pi
h2imσ (66)
Γσ→˜¯νi ˜¯νi =
1
16pi
h4i v
2
PS
mσ
. (67)
Moreover, since hi =
√
2M iR/vPS, the waterfall field decays predominantly to the heaviest
right-handed (s)neutrinos.
4 Evolution Equations
To analyze the evolution of all particles after inflation ends, we follow the approach used by
Ahn et. al. [28]. As a first approximation, we do not consider the momentum of the particles.
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4.1 Equation of Motion of the Inflaton
The equation of motion of the inflaton field is given by [16]
φ¨+ 3Hφ˙+m2φφ+ α
2〈h2u + h2d + h˜2u + h˜2d〉φ = − 2Γφ→hφ˙− Γφ→h˜φ˙ , (68)
where by the Hartree approximation, defined in Ref. [16], the vev of the Higgses is of the
form
〈h2〉 = nh
mh
=
nh
α|φ| . (69)
The factor of 2 multiplying the decay rate is because the inflaton can decay to both the
up-type and the down-type Higgses. Hence, the inflaton equation of motion can be written
as
φ¨+ 3Hφ˙+m2φφ+ α(nhu + nhd + nh˜u + nh˜d)sign(φ) = − 2Γφ→hφ˙− Γφ→h˜φ˙ , (70)
where H is the Hubble parameter in units of the reduced Planck mass,
H2 =
1
3
[
ρφ +mh(nhu + nhd + nh˜u + nh˜d) +
∑
i
MRi(nν¯i + n˜¯νi) + ρR
]
. (71)
4.2 Evolution Equations for Number Density of Higgses
To derive the evolution equation for the Higgses, we start by considering just the interaction
between the inflaton and the Higgses. The inflaton energy density is defined as
ρφ =
1
2
φ˙2 +
1
2
m2φφ
2 . (72)
With this definition, the rate of change of the inflaton energy density is
ρ˙φ = φ˙(φ¨+m
2
φφ) . (73)
By multiplying the equation of motion with φ˙, we have
ρ˙φ + 3Hφ˙
2 + m˙h(nhu + nhd + nh˜u + nh˜d) = − 2Γφ→hφ˙2 − Γφ→h˜φ˙2 (74)
To conserve energy between the inflaton and the Higgses, we have
ρ˙hu + 3Hρhu − m˙hnhu − Γφ→hφ˙2 = 0 . (75)
With ρh = Ehnh, we have
Ehn˙hu + E˙hnhu + 3HEhnhu − m˙hnhu − Γφ→hφ˙2 = 0
n˙hu + 3Hnhu +
E˙h − m˙h
Eh
nhu − Γφ→h
φ˙2
Eh
= 0
(76)
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Since we are ignoring the momentum of the Higgses, E˙h = m˙h. In addition, conservation of
energy requires mφ = 2Eh. So, the evolution equation of the Higgses that conserves energy
with that of the inflaton is given by
n˙hu + 3Hnhu − 2Γφ→h
φ˙2
mφ
= 0 . (77)
The evolution equations for the three other Higgses are very similar and we will omit the
derivation.
Including the decay and the creation of the Higgses, the full evolution equations for the
Higgses are given by
n˙hu + 3Hnhu =
3∑
i=1
[
− γ−1h Γhu→ν¯†i (nhu − n
eq
h )− γ−1h Γhu→˜¯ν†i (nhu − n
eq
h )
+ γ−1ν¯i Γν¯i→h†unν¯i + γ
−1
ν¯i
Γ˜¯νi→h†un˜¯νi
]
− γ−1h Γhu→R(nhu − neqh ) + 2Γφ→h
φ˙2
mφ
(78)
n˙hd + 3Hnhd =
3∑
i=1
[
− γ−1h Γhd→˜¯νi(nhd − neqh ) + γ−1ν¯i Γ˜¯νi→hdn˜¯νi
]
− γ−1h Γhd→R(nhd − neqh ) + 2Γφ→h
φ˙2
mφ
(79)
n˙h˜u + 3Hnh˜u =
3∑
i=1
[
− γ−1h Γh˜u→ν¯†i (nh˜u − n
eq
h )− γ−1h Γh˜u→˜¯ν†i (nh˜u − n
eq
h )
+ γ−1ν¯i Γν¯i→h˜†unν¯i + γ
−1
ν¯i
Γ˜¯νi→h˜†un˜¯νi
]
− γ−1h Γh˜u→R(nh˜u − neqh ) + 2Γφ→h˜
φ˙2
mφ
(80)
n˙h˜d + 3Hnh˜d = − γ−1h Γh˜d→R(nh˜d − n
eq
h ) + 2Γφ→h˜
φ˙2
mφ
. (81)
Since these evolution equations do not take momentum into account, we need to explicitly
enforce detailed balance. We thus replace nh by (nh − neqh ), where neqh is the thermal equi-
librium number density of the Higgses, because the Higgs number densities should always
approach the equilibrium number. The thermal equilibrium number density of the Higgses
are given by
neqh =
g
2pi3
∫ ∞
mh
dE E
√
E2 −m2he−E/T =
g
2pi3
T 3
m2h
T 2
K2
(mh
T
)
, (82)
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where K2 is the modified Bessel function of the second kind, the internal degrees of freedom
(the g-factor) of the Higgses is g = 4 and we have used Maxwell-Boltzmann statistics.
Since the masses and g-factor are the same among the Higgses, they have the same thermal
equilibrium number density. On the other hand, the (s)neutrinos never have sufficient time
to equilibrate.
Both Higgses and right-handed (s)neutrinos are in kinetic equilibrium with the thermal
bath when the thermal temperature is larger than their corresponding masses. Thus, we
have to take into account that Higgses and right-handed (s)neutrinos are not decaying at
rest by multiplying their decay rates by a dilation factor, γ, where γh =
√
m2h + T
2/mh and
γν¯i =
√
m2ν¯i + T
2/mν¯i .
5
4.3 Evolution Equations for the Number density of Right-handed
Neutrinos and Sneutrinos
The evolution equations for the right-handed (s)neutrinos are
n˙ν¯i + 3Hnν¯i = − γ−1ν¯i Γν¯i→h†unν¯i − γ−1ν¯i Γν¯i→h˜†unν¯i
+ γ−1h Γhu→ν¯†i (nhu − n
eq
h ) + γ
−1
h Γh˜u→ν¯†i (nh˜u − n
eq
h )
+ 2Γσ→ν¯i
ρσ
mσ
(83)
n˙˜¯νi + 3Hn˜¯νi = − γ−1ν¯i Γ˜¯νi→h†un˜¯νi − γ−1ν¯i Γ˜¯νi→hdn˜¯νi − γ−1ν¯i Γ˜¯νi→h˜†un˜¯νi
+ γ−1h Γhu→˜¯ν†i (nhu − n
eq
h ) + γ
−1
h Γhd→˜¯νi(nhd − neqh )
+ γ−1h Γh˜u→˜¯ν†i (nh˜u − n
eq
h )
+ 2Γσ→˜¯νi
ρσ
mσ
.
(84)
4.4 Evolution Equation for Energy Density of Waterfall Fields
The evolution equation for the energy density of waterfall fields is
ρ˙σ + 3Hρσ + Γσ→ν¯iρσ + Γσ→˜¯νiρσ = 0 . (85)
5We would like to thank Gary Steigman for pointing this out.
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4.5 Evolution Equation for the Energy Density of Radiation
The evolution equation for the energy density of radiation is6
ρ˙R + 4HρR =
3∑
i=1
+
1
2
γ−1h Γhu→ν¯†imh(nhu − n
eq
h ) +
1
2
γ−1h Γhu→˜¯ν†imh(nhu − n
eq
h )
+ γ−1h Γhu→Rmh(nhu − neqh )
+
1
2
γ−1h Γhd→˜¯νimh(nhd − neqh ) + γ−1h Γhd→Rmh(nhd − neqh )
+
1
2
γ−1h Γh˜u→ν¯†imh(nh˜u − n
eq
h ) +
1
2
γ−1h Γh˜u→˜¯ν†imh(nh˜u − n
eq
h )
+ γ−1h Γh˜u→Rmh(nh˜u − neqh )
+ γ−1h Γh˜d→Rmh(nh˜d − n
eq
h )
+
1
2
γ−1ν¯i Γν¯i→h†uMRinν¯i +
1
2
γ−1ν¯i Γν¯i→h˜†uMRinν¯i
+
1
2
γ−1ν¯i Γ˜¯νi→h†uMRin˜¯νi +
1
2
γ−1ν¯i Γ˜¯νi→hdMRin˜¯νi +
1
2
γ−1ν¯i Γ˜¯νi→h˜†uMRin˜¯νi .
(86)
4.6 Evolution Equation for the Number Density of Lepton Asym-
metry
The number density of lepton asymmetry is defined by
nL = n` − n¯` , (87)
and its evolution equation is
n˙L + 3HnL =
3∑
i=1
+ hiγ
−1
h Γhu→ν¯†i (nhu − n
eq
h ) + hiγ
−1
h Γhu→˜¯ν†i (nhu − n
eq
h )
+ hiγ
−1
h Γhd→˜¯νi(nhd − neqh )
+ hiγ
−1
h Γh˜u→ν¯†i (nh˜u − n
eq
h ) + hiγ
−1
h Γh˜u→˜¯ν†i (nh˜u − n
eq
h )
+ ν¯iγ
−1
ν¯i
Γν¯i→h†unν¯i + ν¯iγ
−1
ν¯i
Γν¯i→h˜†unν¯i
+ ν¯iγ
−1
ν¯i
Γ˜¯νi→h†un˜¯νi + ν¯iγ
−1
ν¯i
Γ˜¯νi→hdn˜¯νi + ν¯iγ
−1
ν¯i
Γ˜¯νi→h˜†un˜¯νi ,
(88)
where hi is defined in eq. (55).
5 Procedure
We start the analysis of the reheating and the baryogenesis at the first zero-crossing after the
last 60 e-foldings of inflation. The details of the inflationary epoch can be found in Ref. [1].
6Recall, MRi is the mass of the heavy right-handed (s)neutrinos. Until the inflaton field settles at its
minimum 〈φ〉 = 0, the Higgs are on average very heavy.
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Unless otherwise specified, the parameters used to produce the results in the rest of the
paper are as follows:
φ(0) = 0 , φ˙(0) = −2.72× 10−6 M2pl ,
mφ = 5.80× 10−6 Mpl , mσ = 9.80× 10−3 Mpl ,
ρσ(0) = 5.18× 10−15 M4pl , h23,2,1 = 2
M2Ri
v2PS
,
3∑
i=1
|λu;ii|2 = 0.4099 ,
3∑
i=1
|λd;ii|2 = 0.4041 ,
3∑
i=1
|λe;ii|2 = 0.3245 ,
MR3,2,1 = {1.136× 10−5, 2.337× 10−7, 3.685× 10−9}Mpl ,
(λνλ
†
ν)33,22,11 = {3.316× 10−1, 1.255× 10−2, 1.736× 10−4} ,
3,2,1 = {−4.429× 10−5, 6.038× 10−4, 6.044× 10−7} .
(89)
The inflation parameters are obtained by fitting to inflation observables [1] while the matter
sector parameters are obtained by fitting to the low-energy observables. A benchmark point
of low-energy fits is given in App. B.
5.1 Non-perturbative regime
Using these parameters, we start our analysis by evolving the following set of evolution
equations: eq. (70), (78)-(81), (83)-(86), (88) and
a˙ = aH , (90)
where the Hubble parameter, H, is given by eq. (71). This set of evolution equations is
solved using eighth-order Runge-Kutta method.
Since the condition for the non-perturbative creation of the Higgses, q  1 in eq. (38),
is dependent on the oscillation amplitude of the inflaton, we have to accurately identify the
amplitude of the inflaton. When the velocity of the inflaton, φ˙, changes sign, we interpolate
the values of φ˙ from the previous zero-values using a cubic spline to determine the time
when φ˙(t0) = 0. Then we interpolate and shift all other outputs from the set of evolution
equations back to time t0 and compute q using the amplitude, φ(t0). If q ≤ 1/3, we stop
the non-perturbative creation of Higgses from the inflaton and enter the purely perturbative
regime.
Similarly, the determination of the zero-crossing of φ is just as important because Higgses
are created non-perturbatively at φ = 0. Hence, the steps described above are repeated when
φ changes sign. We then manually increase the number of Higgses by eq. (34) and (36) and
decrease the speed of the inflaton by eq. (37) to take into account the instantaneous energy
loss due to the creation of the Higgses.
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5.2 Perturbative regime
Although the inflaton can no longer create Higgses non-perturbatively, we still have to con-
sider the oscillation of the inflaton because the Higgs mass depends on the value of φ. How-
ever, we are no longer interested in the precise time of zero-crossing of the inflaton. Hence,
to simplify numerical calculation, we assume that the inflaton oscillates sinusoidally and
convert the inflaton equation of motion to a first order differential equation of the inflaton
energy density7:
ρ˙φ + 3Hρφ + 2Γφ→hρφ + Γφ→h˜ρφ = 0 . (91)
The matching condition for the non-perturbative and perturbative regimes is ρφ = m
2
φφ
2
amp/2,
where φamp is the value of the inflaton amplitude when the non-perturbative evolution ends.
With this approximation, we convert all quantities that depends on φ to the corresponding
averaged value. For example, the Higgs mass, which is varying between 0 to αφamp becomes
〈mh〉 = 2
pi
mmaxh =
2
pi
α
√
2ρφ
mφ
. (92)
Similarly, all the decay rates are also converted to the appropriate average decay rate, which
is shown explicitly in App. C.
In this regime, the following set of evolution equations is solved: eq. (91), (78)-(81) with
φ˙2 replaced by ρφ, (83)-(86), and (88). The calculation is continued until the inflaton and the
Higgs number densities are smaller than 1% of the number density of the lepton asymmetry.
After this point, the effect of inflaton and Higgses on the lepton asymmetry is insignificant
and the inflaton and the Higgs evolution equations are removed from the set of evolution
equations to further simplify the calculation. The set of relevant evolution equations now
reduces to eq. (85) and
n˙ν¯i + 3Hnν¯i = −γ−1ν¯i Γν¯i→h†unν¯i − γ−1ν¯i Γν¯i→h˜†unν¯i + 2Γσ→ν¯i
ρσ
mσ
n˙˜¯νi + 3Hn˜¯νi = −γ−1ν¯i Γ˜¯νi→h†un˜¯νi − γ−1ν¯i Γ˜¯νi→hdn˜¯νi − γ−1ν¯i Γ˜¯νi→h˜†un˜¯νi + 2Γσ→ν¯i
ρσ
mσ
ρ˙R + 4HρR =
3∑
i=1
+γ−1ν¯i Γν¯i→h†uMRinν¯i + γ
−1
ν¯i
Γν¯i→h˜†uMRinν¯i
+ γ−1ν¯i Γ˜¯νi→h†uMRin˜¯νi + γ
−1
ν¯i
Γ˜¯νi→h˜†uMRin˜¯νi
n˙L + 3HnL =
3∑
i=1
+γ−1ν¯i ν¯iΓν¯i→h†unν¯i + γ
−1
ν¯i
ν¯iΓν¯i→h˜†unν¯i
+ γ−1ν¯i ν¯iΓ˜¯νi→h†un˜¯νi + γ
−1
ν¯i
ν¯iΓ˜¯νi→h˜†un˜¯νi .
(93)
7We have used the time averaged result that φ˙2 = ρφ.
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Notice that the right-handed sneutrinos can no longer decay to the down-type Higgses be-
cause the inflaton has decayed out of the system and all remaining terms in the F -term of
the Higgses are quartic sfermion terms (see eq. (25) and (26)).8
This set of evolution equations is evolved until the two heavier right-handed (s)neutrinos
decayed and the asymmetry contribution of the lightest right-handed (s)neutrino is less than
1%. Finally, the baryon-to-entropy ratio is calculated from the lepton asymmetry [36]
nB
s
= − 8
23
nL
s
. (94)
6 Results and Discussions
6.1 Understanding the Hartree Approximation
To better understand the Hartee approximation, Ref. [16], consider a simple case with only
the up-type Higgs and the inflaton. In addition, we assume that the non-perturbative cre-
ation of Higgses occurs only at the first zero-crossing, and the inflaton and Higgses do not
decay perturbatively. We also ignore the expansion of the universe. With these assumptions,
the relevant evolution equations are
φ¨+m2φφ+ αnhusign(φ) = 0
n˙hu = 0 .
(95)
The solution of this set of evolution equations with α = 1 is plotted in Fig. 1, which shows
the energy density of the inflaton and that of the up-type Higgs as a function of time. The
energy densities are normalized to the initial energy density in the inflaton field. From this
figure, we see that the up-type Higgses are created with zero mass and do not contribute
to the initial energy density. As the inflaton rolls up the potential, its energy density is
transferred to the up-type Higgs while the total energy density of the inflaton-Higgs system
stays constant. Similarly, Higgs energy density is transferred back to the inflaton as the
inflaton rolls down the potential. This simple case shows that the Higgs number density
term in the inflaton equation of motion describes the transfer of energy between the inflaton
and the Higgs as the inflaton oscillates.
6.2 Evolving the Evolution Equations
At early times, the non-perturbative creation of the Higgses is very efficient. When the
number densities of the created Higgses exceed its thermal equilibrium number density,
the Higgses decay to radiation and to the right-handed (s)neutrinos. This occurs almost
8Note, this is because mh = α〈φ〉 = 0 and we neglect three body decays of the sneutrinos.
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Figure 1: Hartree approximation for α = 1 in describing the transfer of energy between the
inflaton and the up-type Higgs as the inflaton oscillates around its minimum.
instantaneously because the oscillation amplitude of the inflaton is of order Planck scale
while the Higgs decay rate is proportional to the Higgs mass, which is proportional to the
inflaton vev. This effect is shown in Fig. 2, which shows the magnitude of the inflaton
oscillations and the Higgs number densities as a function of time for α = 1. The magnitude
of the inflaton oscillations is normalized to the first oscillation amplitude, 2.74 × 10−1 Mpl,
while the Higgs number densities are normalized to the number of the up-type Higgses
created at the first zero-crossing, 7.23× 10−1 M3pl.
Fig. 3 shows the inflaton oscillation speed as a function of time for α = 1. From this plot,
we see that the inflaton experiences a drastic decrease in speed at every zero-crossing due to
the almost instantaneous decay of the Higgses. When the Higgses decay, energy is transferred
out from the inflaton-Higgs system to the decay products. In addition, this drastic decrease
does not occur when the inflaton speed is at its maximum because the inflaton oscillation
is damped. The sub-figure, which is the zoomed-in version of the plot, shows the typical
behavior of the inflaton speed at zero-crossing. As shown in the sub-figure, the inflaton speed
has a discontinuous drop, which is due to the energy lost in the non-perturbative creation of
the Higgses. The sub-figure also shows that the inflaton speed increases momentarily before
the zero-crossing. As the inflaton rolls down the potential, the Higgs mass decreases. Once
the Higgses become lighter than the right-handed (s)neutrinos, the right-handed (s)neutrinos
start to decay to the Higgses, increasing the energy in the inflaton-Higgs system. However,
as shown in Sec. 6.1, as the inflaton rolls down the potential, energy is transferred from the
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Figure 2: The inflaton value in this plot is normalized to the first oscillation amplitude,
2.74× 10−1 Mpl, while the Higgs number densities are normalized to the up-type Higgs num-
ber densities created at the first zero-crossing, 7.23 × 10−11 M3pl. At every zero-crossing of
the inflaton, Higgses are created and subsequently decay out of the system almost instanta-
neously.
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Figure 3: The inflaton speed in this plot is normalized to the initial inflaton speed,
2.63 × 10−6 M2pl. Since the non-perturbative creation of the Higgs is instantaneous and
the subsequent Higgs decay are almost instantaneous, the inflaton experiences a drastic
decrease in speed at every zero-crossing. The Higgs decays transfers energy out from the
inflaton-Higgs system.
Higgses to the inflaton. Hence, the inflaton speed increases for a short period of time before
reaching the bottom of the potential.
The dynamics in the non-perturbative regime with q  1 is dominated by a broad
parametric resonance. When q ≤ 1/3, and the inflaton continues to oscillate, there is only a
narrow region in momentum space where parametric resonance can occur. At every passage
of φ through zero, Higgses are produced, however they quickly thermalize on an oscillation
time scale. Thus these Higgses acquire momentum outside the region of the parametric
resonance, which in effect suppresses the additive effect. It is at this point that instant
preheating ceases to dominate.
Fig. 4 shows the energy densities of the inflaton, the waterfall fields, radiation, and the
right-handed (s)neutrinos as a function of time for α = 1. From this figure, we see that after
a couple of inflaton oscillations, radiation energy density dominates over all other energy
densities. The associated reheat temperature is of order Treheat ∼ 1015 GeV, i.e. less than the
GUT scale.9 This shows that the reheating process of our model is very efficient. The epoch
9This will have consequences for gravitino bounds which we discuss in the conclusion.
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Figure 4: Since the universe is radiation dominated after a couple inflaton oscillations, the
reheating process of our model is very efficient.
of radiation domination occurs later as α decreases because the non-perturbative and the
perturbative decay rates of the inflaton decrease as α decreases. In addition, we clearly see
from this figure that the energy densities of the inflaton and the right-handed (s)neutrinos
increase or decrease like a step-like function. This step-like function behavior is due to the
non-perturbative creation of the Higgs that only occurs at zero-crossing.
As the inflaton oscillation amplitude decreases, the Higgs decay occurs slower, which
increases the Higgs number densities in the system (see Fig. 5). This effect increases the
inflaton oscillation frequency because, from the Hartree approximation in eq. (70), the os-
cillation frequency is given by
ω = m2φ + α
2〈h2〉 = m2φ + α
nh
|φ| . (96)
The increase in the inflaton oscillation frequency further increases the Higgs number densities
because the non-perturbative creation now occurs more frequently. In addition, the increase
in the Higgs number densities decreases the inflaton oscillation amplitude because the Higgses
are taking away more energy from the inflaton. Notice that this effect produces a feedback
effect that decreases the amplitude of the inflaton oscillation at a faster rate. This effect
can be seen in Fig. 5, which shows the inflaton oscillation amplitude and the Higgs number
densities as a function of time with α = 1. This figure is the continuation of Fig. 2.
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Figure 5: This plot is a continuation of Fig. 2. The decrease in inflaton oscillation amplitude
increases the Higgs number densities by decreasing the Higgs decay rate. The increase in the
Higgs number densities increases the inflaton oscillation frequency, which further decreases
the inflaton oscillation amplitude by increasing the frequency of inflaton non-perturbative
creation of the Higgs.
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6.3 Baryon Asymmetry
The final lepton asymmetry number density can be converted to that of a baryon asymmetry
via the sphaleron process, since the sphaleron process violates nB+L but conserves nB−L. The
conversion factor between the baryon and lepton asymmetries in the MSSM is given by [36]
nB = − 8
23
nL . (97)
Thus, the baryon-to-entropy ratio can be obtained by
nB
s
= − 8
23
nL
s
, (98)
where the entropy can be calculated from the radiation energy density using
ρR =
pi2
90
gT 4
s =
2pi2
45
gT 3 .
(99)
The experimentally measured value for the baryon-to-entropy ratio is [37]
nB
s
∼ 8.7× 10−11 . (100)
By fitting to the low energy observables, the asymmetry produced by the heaviest right-
handed (s)neutrinos has the correct sign while that produced by the two lighter ones have
the opposite sign as shown in eq. (89). Hence, to reproduce the measured baryon-to-entropy
ratio, we need to strike a balance between the number density of the heaviest right-handed
(s)neutrinos and that of the two lighter ones. Luckily, this is achievable in our model because
the number density of Higgses created non-perturbatively, the Higgs decay rates and the
Higgs mass are controlled by the inflaton-Higgs coupling, α, which is a free parameter.
Fig. 6 shows the baryon-to-entropy ratio as a function of α. The top figure is in a linear
scale, the second figure has a log-scale y-axis, while the bottom figure is the zoomed in version
of the top figure for a value of α that fits the observed baryon-to-entropy ratio. This figure
has some very curious features that require some explanations. 1) Ignoring the discontinuity,
the baryon-to-entropy ratio decreases as α decreases. 2) The baryon-to-entropy ratio is not
a continuous function of α. 3) As α decreases, the discontinuity in the baryon-to-entropy
ratio decreases. 4) The baryon-to-entropy ratio plateaus at around ∼ 10−7 for a wide range
of α. We will address each of these features one by one in the following paragraphs.
The decrease in the baryon-to-entropy ratio as α decreases can be attributed to two
factors. First, in the non-perturbative regime, the inflaton energy density decreases mainly
due the non-perturbative creation of Higgses at zero-crossing. Since the number density of
Higgs created at zero-crossing is proportional to α3/2 (see eq. 32), the inflaton energy density
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Figure 6: All three figures show the baryon-to-entropy ratio as a function of α. The top
figure is in a linear-scale, the middle figure has a log-scale in the y-axis, while the x-axis of
the bottom figure is zoomed-in with linear scale. The baryon-to-entropy ratio matches the
observed value for α ∼ 0.162.
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when the system exits the non-perturbative regime is larger for smaller α. Recall that in
the non-perturbative regime, the Higgses decay predominantly to the heaviest right-handed
(s)neutrinos because of the larger Yukawa coupling. However, in the perturbative regime
q . 1/3 (see eq. 38), which means
mmaxh . 10−6 Mpl < MR3 ∼ 10−5 Mpl , (101)
and the Higgses can decay only to the two lighter right-handed (s)neutrinos. Hence, the
inflaton energy density when the system exits the non-perturbative regime will eventually be
transferred to the two lighter right-handed (s)neutrinos and radiation decreasing the baryon-
to-entropy ratio. This effect is shown in the top figure of Fig. 7, where the magnitude of
the inflaton oscillation amplitude is plotted as a function of time. The figure ends when the
system exits the non-perturbative regime. As shown in the figure the inflaton oscillation
amplitude is larger when the system exits the non-perturbative regime for smaller α.
Second, the decay of Higgses to the right-handed (s)neutrinos and the decay of the right-
handed (s)neutrinos to the Higgses both contribute to the lepton asymmetry. Due to the
inflaton oscillation, the Higgses decays to the right-handed (s)neutrinos when inflaton is close
to the oscillation amplitude, while the right-handed (s)neutrinos decay to the Higgses when
the inflaton is near the bottom of the potential. Hence, the amount of asymmetry created
increases as the number of inflaton oscillation increases. Since the inflaton perturbative
decay rates are proportional to α2 (see eq. 39), the inflaton goes through more oscillations
before decaying out of the system for smaller α. Given that the two lighter right-handed
(s)neutrinos contribute to the baryon-to-entropy ratio with the wrong sign, the baryon-to-
entropy ratio decreases as α decreases.
The discontinuity in the baryon-to-entropy ratio is best understood by considering the
abundance ratio for the heaviest right-handed (s)neutrino to the two lighter ones. When
this abundance ratio is larger, the baryon-to-entropy ratio is more positive because the
heaviest right-handed (s)neutrino decays contribute to the asymmetry with the correct sign.
In the non-perturbative regime, Higgses are created at every zero-crossing and subsequently
decay predominantly to the heaviest right-handed (s)neutrinos. Hence, the abundance ratio
increases discontinuously at every zero-crossing. The bottom figure of Fig. 7 shows the
magnitude of the inflaton oscillation as a function time. The plot ends when the system
exits the non-perturbative regime. As shown in the figure, the inflaton goes through more
oscillations as α decreases because the number density of Higgses created at zero-crossing is
proportional to α3/2 (see eq. 32). Hence, the inflaton oscillation amplitude decreases slower
for smaller α, thus the broad parametric resonance parameter, q ∝ φ2amp decreases slower.
Along with Fig. 6, we see that as the number of inflaton oscillations in the non-perturbative
regime increases, the baryon-to-entropy ratio increases. In addition, all three α in the top
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figure of Fig. 7 are within the same branch of baryon-to-entropy ratio in Fig. 6. This shows
that the discontinuous jump only occurs when the total number of inflaton oscillations in
the non-perturbative regime increases.
The discontinuity in baryon-to-entropy ratio decreases as α decreases because as α de-
creases the number density of Higgses created at zero-crossing decreases. Therefore, the
contribution to the heaviest right-handed (s)neutrinos by each additional inflaton oscilla-
tion in the non-perturbative regime decreases as α decreases. Hence, the discontinuity of
the ratio of the heaviest right-handed (s)neutrinos to the two lighter ones decreases as α
decreases. This ratio is directly related to the baryon-to-entropy ratio, resulting in a smaller
discontinuity in baryon-to-entropy ratio as α decreases.
From these explanations, we see that majority of the factors contribute negatively to the
baryon-to-entropy ratio as α decreases, while the increase in the number of inflaton oscilla-
tions, in the non-perturbative regime, increases the baryon-to-entropy ratio as α decreases.
The plateau of baryon-to-entropy ratio is created when the we have a balance between these
factors.
In Fig. 6, we plotted the baryon-to-entropy ratio for α . 4 because from eq. (37), we see
that the upper limit for α is given by
αmax =
pi2√
6
∼ 4.03 . (102)
With this value of α, all energy in the inflaton is transferred to the Higgses at the first
zero-crossing. Since there are no inflatons leftover to oscillate, the Higgses are massless and
they never decay to the right-handed (s)neutrinos. Hence, the only source of right-handed
(s)neutrinos comes from the waterfall field. In this situation, we do not obtain the observed
baryon-to-entropy ratio because the waterfall field decays predominantly to the heaviest
right-handed (s)neutrinos creating an over abundance of baryons.
To summarize, the inflaton-Higgs coupling, α, which is a free parameter in our model, can
be tuned to reproduce the observed baryon-to-entropy ratio. A more natural model would,
however, have the plateau of the baryon-to-entropy ratio in Fig. 6 closer to the experimental
value.10
10A recent paper by Raymond Co. et. al. [38], points out that for models of gravitino or axino dark matter
with high reheat temperature, such as our model, the decay of the saxions can produce 3 orders of magnitude
of entropy in the case that the saxion vev, sI , equals the PQ breaking vev, VPQ and sI = VPQ ≈ 1014 GeV
(see Eqn. 2.9, Ref. [38]). This would make the plateau of our baryon-to-entropy ratio of order the observed
experimental value.
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Figure 7: These figures show inflaton oscillations in the non-perturbative regime for various
values of α. The plot ends when the system exits the non-perturbative regime. The top
figure shows α that are on the same branch in Fig. 6, while the bottom figure shows α across
different branches. From the top figure, we see that as α decreases the inflaton energy density
when the system exits the non-perturbative regime increases. In the perturbative regime,
the Higgs can only decay to the two lighter right-handed (s)neutrinos. Hence, as α decreases,
the baryon-to-entropy ratio decreases. On the other hand, the bottom figure shows that as
α decreases, the number of inflaton oscillation in non-perturbative regime increases causing
the abundance ratio for the heaviest right-handed (s)neutrinos to the two lighter ones to
increase discontinuously. This is the root cause for the discontinuity in Fig. 6.
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6.4 Sources of Uncertainties
It is important to note that there are multiple sources of uncertainties in our calculation. An
obvious and main source of theoretical uncertainty is the neglect of momentum distributions
and the exclusion of the 2−2 scattering from our simulation. Hence, there are implicit error
bars in each of the plots shown in this paper. An interesting follow-up project would be
to include the full Boltzmann equations treatment and the 2 − 2 scattering to remove this
theoretical uncertainty.
Another interesting source of uncertainty is due to the nature of this system where the
masses, the Yukawa couplings, and the CP asymmetry parameter of the heaviest and two
lighter right-handed (s)neutrinos are separated by a couple orders of magnitude. Hence,
the number densities of the heaviest and the two lighter right-handed (s)neutrinos differ by
orders of magnitude when they are created. To obtain the observed baryon-to-entropy ratio,
our model requires a precise cancellation between the CP asymmetry created by the heaviest
right handed (s)neutrinos and that created by the two lighter ones. Therefore, unless we are
able to keep track of the number densities of the heaviest right-handed (s)neutrinos to high
accuracy, numerical errors will creep into the calculation. With this in mind, the plots of the
baryon-to-entropy ratio as function of α, shown in Fig. 6, is obtained by line fitting through
the calculated values.
Finally, we also want to point out that the set of evolution equations are a set of non-
linear, highly coupled, and stiff differential equations. Numerical solutions to differential
equations with this characteristic are unstable, unless the time step is taken to be very
small. To prevent this problem, we have checked that reducing the time step only changes
the baryon-to-entropy ratio by a negligible amount.
7 Summary
This paper is an extension of the previous Pati-Salam subcritical hybrid inflation paper,
proposed by two of us [1], which was shown to successfully reproduce inflation observables.
In this paper, we studied the reheating process and the baryogenesis via leptogenesis of the
model.
In the instant preheating process, the coupling of the inflaton to the Higgses causes
the inflaton to non-perturbatively decay to Higgses efficiently as it oscillates around its
minimum. The produced Higgses then decay to radiation and reheat the universe. The
reheat temperature depends on the value of α. We find Treheat ∼ 1015 GeV. This can,
in principle, create a cosmological problem with gravitinos. However, for gravitino masses
greater than ∼ 40 TeV, the only problem concerns the over-closure of the universe by an
LSP with mass of order 100 GeV [19]. This suggests that the LSP in our model would need
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to be a light axino in conjunction with an axion dark matter candidate. This then ties in
interestingly to the scenario of Ref. [38].
As for baryogenesis, fitting to low-energy observables forces the CP asymmetry parameter
of the heaviest right-handed (s)neutrinos to have the correct sign, while that of the two lighter
right-handed (s)neutrinos have the wrong sign. Hence, it is important to include all three
right-handed (s)neutrinos in our analysis. In the model, the coupling parameter, α, between
the inflaton and the Higgses is a free parameter. By tuning this parameter, we can obtain
the observed baryon-to-entropy ratio.
The matter sector of our model has 24 input parameters. By fitting our model to 49
low-energy observables, our model has 25 degrees of freedom. We obtain a reasonable fit to
the low-energy observables [6–12]. A benchmark point is given in App. B. The χ2/dof of this
benchmark point is χ2 = 1.90, which corresponds to a p-value of 0.004.11 In this benchmark
point, the first two family scalars have mass ∼ 25 TeV while the third family scalars have
mass ∼ 5 TeV. The scalars in our model do not decouple completely from the low-energy
observables. The heavy Higgs, charged Higgs, and the CP-odd Higgs all have mass around
2 TeV while the NLSP of our model is a neutralino. The gluinos in our model have a best fit
mass lighter than ∼ 2 TeV, which has the potential to be observed in the current run of the
LHC. The dominant experimental signature for the gluino is b-jets with leptons and missing
ET [8, 11]. In this paper, we extended the previous studies by describing the reheating and
baryogenesis via leptogenesis of this model.
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A Yukawa Matrices Conventions
In Sec. 2, the Yukawa matrices are defined in Weyl notation with doublets on the left. The
Yukawa matrices with this definition are denoted as Y .
From Sec. 3 onwards, the Yukawa matrices are defined in Weyl notation with doublets
11The worse fits come from the up and down quark masses and sin 2β. We have obtained a significantly
better fit of χ2/dof = 1.24, which corresponds to a p-value of 0.19, with the addition of one additional
complex parameter in the Yukawa matrices. We have further checked that the CP asymmetry of the three
right-handed (s)neutrinos are of the same order of magnitude. Hence, the results of this paper are not
affected. This will be presented in a future paper [39].
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on the right. The Yukawa matrices with this definition are denoted as λ. The reason that
we switch to this definition is because the renormalization group equations in the global χ2
analysis program that we use, maton, is written with doublets on the right.
As a comparison with the literature, the definition of Yukawa matrices in the relevant
references regarding CP asymmetry are different. Here we provide a dictionary. The Yukawa
matrices in Covi et. al. [32], λCRV ; in Giudice et. al. [34], Y GNRRS; in Buchmuller et. al. [13],
hBPY ; and in Davidson et. al. [14] , λDNN ; are related to our Yukawa matrix, λBPR, as
follows:
λBPR = λCRV
T
= Y GNRRS
T
= hBPY = λDNN
T
. (103)
B Global χ2 Fits to Low-energy Data
The parameters of our model are listed in Table 1. A detailed global χ2 analysis of our model
can be found in [6–12]. Comparing with [7], we have added the following new observables:
Vud, Vcd, Vcs, Vtb and updated all experimental values to the latest values. The experimental
values for neutrino observables are the best fit points in Capozzi et. al. while that for B →
K∗µ+µ− observables are the latest LHCb results [40–42]. All other experimental values are
the latest values in Particle Data Group and Heavy Flavor Averaging Group [43, 44]. We
also updated the public codes, superiso and susy flavor, that are used to calculate flavor
observables [45, 46].
The theoretical errors are also increased by a few percent due to the large scatter of
SUSY particle masses between m16 and MZ . We run renormalization group equations from
the lightest right-handed neutrino mass scale to the electroweak scale using two-loop renor-
malization group equations and remove the over-running by performing one-loop threshold
corrections. The theoretical errors are obtained by performing threshold corrections in differ-
ent orders; that is performing gauge threshold corrections before or after Yukawa threshold
corrections. These errors were neglected in previous studies.
Table 2 contains the experimental and fit values for the 49 observables along with the
pulls. All the masses in the table are in GeV. The gluino mass for this model is Mg˜ ∼ 1.5 TeV.
The χ2/dof of this benchmark point is χ2/dof = 1.90 and the corresponding p-value is 0.004.
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Sector Parameters No.
Gauge αG, MG, 3 3
SUSY (GUT scale) m16, M1/2, A0, mHu , mHd 5
Yukawa Textures , ′, λ, ρ, σ, ˜, ξ, φρ, φσ, φ˜, φξ 11
Neutrino MR1 , MR2 , MR3 3
SUSY (EW Scale) tan β, µ 2
Total 24
Table 1: The matter sector has 24 input parameters
The input parameters to the benchmark point in Table 2 are
(1/αG,MG, 3) = (26.17, 2.31× 1016 GeV,−0.68%) ,
(λ, λ, σ, λ˜, ρ, λ′, λξ) = (0.6061, 0.0306, 1.2476, 0.0044, 0.0741,−0.0018, 0.0036) ,
(φσ, φ˜, φρ, φξ) = (0.50, 0.53, 3.99, 3.46)rad ,
(m16,M1/2, A0, µ(MZ)) = (25000, 400,−51387, 994) GeV ,
((mHd/m16)
2, (mHu/m16)
2, tan β) = (1.89, 1.61, 50.34) ,
(MR1 ,MR2 ,MR3) = (9.0, 573.9, 29532.4)× 109 GeV .
C Averaging Inflaton Oscillation
In this section, we calculate the average decay rates over one oscillation period, with the
assumption that the inflaton oscillation is sinusoidal with period 2pi and amplitude φamp:
φ(t) = φmax sinmφt . (104)
Since the oscillation is symmetrical we only need to consider the first quarter of the oscilla-
tion, i.e. from mφt = 0 to mφt = pi/2.
C.1 Perturbative decay of the inflaton
The decay of the inflaton to the Higgses in eq. (39) is
Γφ→h ∝ φ
2
mφ
Θ(mφ − 2αφ) . (105)
Due to the Heaviside Theta function, this decay rate is non-zero only when φ < mφ/2α,
hence the decay only occurs from mφt = 0 to
mφtc = sin
−1 mφ
2αφmax
. (106)
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Table 2: Benchmark point with m16 = 25 TeV,Mg˜ = 1.493 TeV:
Observable Fit Exp. Pull σ
MZ 91.1876 91.1876 0.0000 0.4559
MW 80.4468 80.3850 0.1537 0.4022
1/αem 137.6063 137.0360 0.8324 0.6852
Gµ × 105 1.1739 1.1664 0.6461 0.0117
α3(MZ) 0.1191 0.1185 0.7247 0.0008
Mt 173.9468 173.2100 0.3468 2.1247
mb(mb) 4.3095 4.1800 0.9916 0.1306
Mτ 1.7745 1.7769 0.1207 0.0199
Mb −Mc 3.3159 3.4500 0.3578 0.3749
mc(mc) 1.2408 1.2750 1.1894 0.0288
ms(2GeV) 0.0899 0.0950 0.9886 0.0051
md/ms(2GeV) 0.0716 0.0513 3.0436 0.0067
Q 25.9397 23.0000 1.2742 2.3071
Mµ 0.1048 0.1057 0.4139 0.0022
Me × 104 5.1422 5.1100 0.5634 0.0571
|Vud| 0.9745 0.9742 0.0508 0.0049
|Vus| 0.2244 0.2253 0.6695 0.0014
|Vub| × 103 3.1730 3.8500 0.7838 0.8637
|Vcd| 0.2242 0.2250 0.0967 0.0081
|Vcs| 0.9737 0.9860 0.7365 0.0167
|Vcb| × 103 41.1696 40.8000 0.1634 2.2622
|Vtd| × 103 8.9578 8.4000 0.8932 0.6245
|Vts| × 103 40.3083 40.0000 0.1092 2.8231
|Vtb| 0.9991 1.0210 0.6744 0.0324
sin 2β 0.6295 0.6820 2.7223 0.0193
K 0.0019 0.0022 1.2750 0.0002
∆MBs/∆MBd 29.7669 34.8272 0.7181 7.0465
∆MBd × 1013 3.6386 3.3560 0.4203 0.6723
m221 × 105 7.4085 7.3750 0.0826 0.4057
m231 × 103 2.4628 2.5000 0.2818 0.1318
sin2 θ12 0.2940 0.2975 0.2107 0.0166
sin2 θ23 0.4573 0.4435 0.5195 0.0266
sin2 θ13 0.0206 0.0215 0.8706 0.0010
Mh 125.7055 125.0900 0.1279 4.8104
BR(B → sγ)× 104 3.2107 3.4300 0.1338 1.6389
BR(Bs → µ+µ−)× 109 4.6979 2.8500 2.0300 0.9103
BR(Bd → µ+µ−)× 1010 1.5821 4.0000 1.3977 1.7299
BR(B → τν)× 105 6.0704 11.4000 0.8669 6.1480
BR(B → K∗µ+µ−)1≤q2≤6GeV2 × 108 4.6258 3.4000 0.3384 3.6226
BR(B → K∗µ+µ−)14.18≤q2≤16GeV2 × 108 6.6955 5.6000 0.1025 10.6892
q20(AFB(B → K∗µ+µ−)) 3.8434 4.9000 0.6894 1.5327
FL(B → K∗µ+µ−)1≤q2≤6GeV2 0.7524 0.6500 0.3345 0.3061
FL(B → K∗µ+µ−)14.18≤q2≤16GeV2 0.3514 0.3300 0.0767 0.2789
P2(B → K∗µ+µ−)1≤q2≤6GeV2 0.0660 0.3300 0.3969 0.6651
P2(B → K∗µ+µ−)14.18≤q2≤16GeV2 -0.4334 -0.5000 0.2933 0.2270
P ′4(B → K∗µ+µ−)1≤q2≤6GeV2 0.5807 0.5800 0.0018 0.4009
P ′4(B → K∗µ+µ−)14.18≤q2≤16GeV2 1.2176 -0.1800 1.9886 0.7028
P ′5(B → K∗µ+µ−)1≤q2≤6GeV2 -0.3244 0.2100 2.3130 0.2311
P ′5(B → K∗µ+µ−)14.18≤q2≤16GeV2 -0.7122 -0.7900 0.1426 0.5455
Total χ2 47.6151
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Hence, the average decay rate is
〈Γφ→h〉 = 2
pi
∫ mφtc
0
d(mφt)
φ2max
mφ
sin2mφt =
2φ2max
mφpi
(
mφtc
2
− 1
4
sin(2mφtc)
)
. (107)
The decay of the inflaton to the Higgsinos in eq. (40) is
Γφ→h˜ ∝ mφΘ(mφ − 2αφ) . (108)
Similar to the decay of Higgses, the decay only occurs from mφt = 0 to mφt = mφtc. Hence,
the average decay rate is
〈Γφ→h˜〉 =
2
pi
∫ mφtc
0
d(mφt)mφ =
2m2φtc
pi
. (109)
C.2 Decay of the Higgses
The decays of the up-type Higgses to the right-handed neutrinos given in eq. (41), the down-
type Higgses to the right-handed sneutrinos in eq. (44), and the up-type Higgsinos to the
right-handed (s)neutrinos in eq. (46) and (47) have the following form
{Γhu→ν¯†i ,Γhd→˜¯νi ,Γh˜u→ν¯†i ,Γh˜u→˜¯ν†i } ∝ φΘ(αφ−MRi) . (110)
These decay rates are non-zero only from
mφtc = sin
−1 MRi
αφmax
, (111)
to mφt = pi/2. Hence, the average decay rates are (for α φmax ≥MRi)
〈{Γhu→ν¯†i ,Γhd→˜¯νi ,Γh˜u→ν¯†i ,Γh˜u→˜¯ν†i }〉 ∝
2
pi
∫ pi/2
mφtc
d(mφt)φmax sinmφt =
2
pi
φmax
√
1− M
2
Ri
α2φ2max
.
(112)
The decay of the up-type Higgses to right-handed sneutrinos in eq. (42) is
Γhu→˜¯ν†i ∝
M2Ri
φ
Θ(αφ−MRi) . (113)
Similar to above, this decay rate is non-zero only from mφt = mφtc to mφt = pi/2. Hence,
the average decay rate is
〈Γhu→˜¯ν†i 〉 ∝
2
pi
∫ pi/2
mφtc
d(mφt)
M2Ri
φmax sinmφt
= − 2
pi
M2Ri
φmax
ln tan
mφtc
2
. (114)
On the other hand, the decays of the Higgses to radiation in eq. (43), (45), (48), and (49)
have the following form:
Γ{hu,hd,h˜u,h˜d→R ∝ φ . (115)
Hence, the average decay rates are just
〈Γ{hu,hd,h˜u,h˜d→R〉 ∝
2
pi
φmax . (116)
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C.3 Decay of right-handed (s)neutrinos
The decays of the right-handed (s)neutrinos to Higgses in eq. (50), 51), and (52) have the
following form
{Γν¯i→h†u ,Γν¯i→h˜†u ,Γ˜¯νi→h†u} ∝MRiΘ(MRi − αφ) . (117)
The decay only occurs between mφt = 0 and
mφt = mφtc = sin
−1 MRi
αφmax
. (118)
Hence, the average decay rates are
〈{Γν¯i→h†u ,Γν¯i→h˜†u ,Γ˜¯νi→h†u}〉 ∝
2
pi
∫ mφtc
0
d(mφt)MRi =
2mφtc
pi
MRi . (119)
The decay of the right-handed sneutrinos to the down-type Higgses in eq. (53) is
Γ˜¯νi→hd ∝
φ2
MRi
Θ(MRi − αφ) . (120)
Similar to above, the decay only occurs between mφt = 0 and mφt = mφtc. Hence, the
average decay rate is
〈Γ˜¯νi→hd〉 ∝
2
pi
∫ mφtc
0
d(mφt)
φ2max
MRi
sin2mφt =
2φ2max
piMRi
[
mφtc
2
− 1
4
sin(2mφtc)
]
. (121)
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